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Abstract.  A  comparison  of  the  hydrogen  release  and  uptake  (cycling)  capability  of  Ti-doped  NaAlH4,  LiAlH4 
and  Mg(  A1H4)2  as  a  function  of  Ti  dopant  concentration,  temperature,  pressure,  and  cycle  number  is  reported. 
Temperature  programmed  desorption  revealed  hydrogen  release  capacities  of  around  3  wt%  at  140  °C,  3  wt  %  at 
100  °C  and  6  wt%  at  150  °C,  respectively  for  the  Ti  doped  Na,  Li  and  Mg  alanates.  In  the  same  order,  release 
capacities  of  0.5,  2.0  and  1.5  wt%  were  obtained  in  150,  6  and  150  min  during  constant  temperature  desorption  at 
90  °C.  Although  all  three  alanates  exhibit  striking  characteristics  that  make  them  potential  hydrogen  storage 
materials,  it  remains  that  only  Ti-doped  NaAlH4  exhibits  around  3  wt  %  reversibility  under  reasonable  conditions. 
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Introduction 

Hydrogen  storage  is  proving  to  be  one  of  the  most  important  issues  and  potentially  biggest  roadblock,  when  it 
comes  to  implementing  a  hydrogen  economy  (Ritter  et  al.,  2003).  Of  the  three  options  that  exist  for  storing 
hydrogen,  i.e.,  in  a  solid,  liquid  or  gaseous  state,  solid  state  hydrogen  storage  is  becoming  more  and  more 
accepted  as  the  only  method  of  having  any  expectation  of  meeting  the  gravimetric  and  volumetric  densities  of  the 
recently  announced  FreedomCar  goals.  By  2005,  for  example,  a  hydrogen  storage  material  must  or  exceed  the 
following  DOE/FredomCAR  performance  targets  to  be  viable:  1.5  kWh/kg  (4.5%  hydrogen  on  a  system  basis  or 
about  6.5  wt%  on  a  material  basis),  1.2  kWh/L  and  about  $6.00/kWh.  Of  all  the  known  hydrogen  storage 
materials  being  studied  today,  including  carbon  nanotubes,  various  activated  carbon  structures,  various  zeolite 
structures,  metal  hydrides  (still)  and  even  metal  organic  framework  compounds,  complex  hydrides  are  the  only 
ones  showing  considerable  promise  of  meeting  these  stringent  goals  (Ritter  et  al.,  2003). 

It  is  also  becoming  quite  clear  that  materials  relying  on  physical  adsorption  alone  may  never  realize  such  a  large 
reversible  hydrogen  storage  capacity  at  reasonable  conditions.  A  material  needs  to  interact  quite  strongly  with 
hydrogen  to  increase  its  capacity,  with  the  interaction  energy  essentially  dictating  reversible  hydrogen  uptake  and 
release  at  reasonable  temperatures  and  pressures.  Metal  hydrides  are  a  good  example,  because  they  typically  have 
phase  change  enthalpies  of  30  to  40  kj/mol,  and  rely  on  interstitial  and  intennetallic  interactions,  not  simple 
physical  adsorption  to  achieve  only  about  1  to  2  wt%  hydrogen  at  near  ambient  conditions  (Sandrock  and  Thomas, 
2001).  This  enthalpy  is  much  higher  than  that  typically  associated  with  the  physical  adsorption  of  hydrogen  on 
many  different  adsorbents,  which  is  generally  2  to  4  kj/mol.  At  this  time,  however,  it  is  not  clear  where  the 
complex  hydride  materials  fall  within  the  realm  of  interaction  energies;  even  so,  the  NaAlH4  system  is  providing 
sufficient  evidence  to  justify  the  continued  study  of  complex  hydride  materials  for  reversible  hydrogen  storage. 

For  example,  the  NaAlH4  system  is  proving  to  be  a  very  attractive  material  for  hydrogen  storage  because  it 
contains  a  high  concentration  of  useful  hydrogen  (5.6  wt%).  At  standard  conditions,  the  dehydrogenation  of 
NaAlH4  is  thermodynamically  favorable,  but  it  is  kinetically  slow  and  takes  place  at  temperatures  well  above  200 
°C  in  a  two-step  process  involving  the  following  reactions  (Bogdanovic  and  Schwickardi,  1997): 
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Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


3NaAlH4  -»  Na3AlH6  +  2A1  +  3H2 


(1) 


Na3AlH„  ->  3NaH  +  A1  +  3/2H2  (2) 

The  first  reaction  releases  3.7  wt%  hydrogen,  while  the  second  reaction  releases  1.8  wt%.  Note  that  the 
theoretical  hydrogen  capacity  of  NaAlH4  is  7.5  wt%,  whereas  its  useful  capacity  is  only  5.6  wt%.  The  difference 
is  due  to  the  formation  of  NaH  in  Eq.  2,  the  decomposition  temperature  of  which  is  too  high  to  be  useful  for 
hydrogen  generation.  NaAlH4  is  also  only  one  of  a  few  complex  hydrides  that  are  commercially  available 
(Sandrock  and  Thomas,  2001).  This  fact  has  made  it  very  popular  to  study  as  a  hydrogen  storage  material, 
especially  since  Bogdanovic  and  Schwickardi  (1997)  showed  that  the  dehydrogenation  temperature,  and  hence  the 
kinetics  of  dehydrogenation  and  also  the  rehydrogenation  conditions,  could  be  markedly  improved  by  the  addition 
of  a  dopant,  such  as  titanium  chloride,  to  NaAlH4.  Much  follow  on  work  has  been  done  with  metal-doped 
NaAlH4  (Zidan  et  al.,  1999;  Jensen  et  al.,  1999;  Bogdanovic  et  al.,  2003),  with  state-of-the-art  being  about  3  wt% 
reversible  hydrogen  capacity  at  1 10  °C  (Ritter  et  al.,  2003).  Nevertheless,  this  performance  level  makes  it  one  of 
the  highest  capacity,  hydride  based,  hydrogen  storage  materials  known  (Sandrock  and  Thomas,  2001).  This  very 
favorable  result  has  also  sparked  considerable  interest  in  other  complex  hydride  materials,  especially  LiAlH4 
(Chen  et  al.,  2001;  Balema  et  al.,  2000;  2001)  and  Mg(AlH4)2  (Fichtner  and  Fuhr,  2002). 

To  date,  however,  no  one  has  undertaken  a  systematic  analysis  of  the  cyclability  and  stability  of  lithium 
aluminum  hydride  as  a  potential  hydrogen  storage  material.  Similar  to  Eqs.  1  and  2,  the  thermal  decomposition  of 
LiAlH4  occurs  in  the  following  two  steps: 

3LiAlH4  -»  Li3AlHs  +  2A1  +  3H,  (3) 

Li3AlH6  -»  3LiH  +  Al  +  3/2H2  (4) 

The  first  reaction  releases  5.4  wt%  hydrogen,  while  the  second  reaction  releases  2.5  wt%.  With  a  useful  hydrogen 
capacity  of  7.9  wt%  and  a  low  decomposition  temperature  (Balema  et  al.,  200),  LiAlH4  exhibits  a  strong  potential 
as  a  hydrogen  storage  material.  Note  that  the  theoretical  hydrogen  capacity  of  LiAlH4  is  10.5  wt%,  whereas  its 
useful  capacity  is  only  7.9  wt%.  Again,  this  difference  is  due  to  the  formation  of  very  stable  LiH  (Eq.  4). 
Moreover,  it  has  been  reported  that  the  AH°  at  25  °C  for  the  decomposition  of  LiAlH4  through  Eq.  3  and  NaAlH4 
through  Eq.  1  are  28.5  and  56.5  kj/mol,  respectively  (Bass  and  Smith,  1963).  This  indicates  that  thermal 
dissociation  is  more  thermodynamically  favorable  for  LiAlH4  than  for  NaAlH4.  Additionally,  it  has  been  shown 
that  the  activation  energy  for  the  decomposition  of  Li3AlH(,  is  54.8  kj/mol  H2,  while  that  for  Na3AlH4  is  96.9 
kJ/mol  H2  (Sandrock  et  al.,  2002;  Chen  et  al.,  2001).  Evidently,  lithium  alanate  is  less  stable  than  sodium  alanate; 
however,  no  conclusive  studies  have  been  done  to  show  whether  Eqs.  3  and  4  are  reversible  (i.e.,  cyclable)  when 
doped  with  Ti.  In  fact,  lithium  alanate  has  been  reported  to  completely  decompose  after  5  min  of 
mechanochemical  treatment  with  3  mole%  TiCl4  (Belema  et  al.,  2001).  It  has  also  been  reported  that  doping 
lithium  alanate  with  2  mole%  TiCl3  through  mechanochemical  treatment  does  not  cause  it  to  decompose  and 
yields  a  reversible  compound  according  to  Eq.  4  (Chen  et  al.,  2001).  These  results  are  clearly  contradictory. 

Also,  to  date,  no  one  has  undertaken  a  systematic  analysis  of  the  cyclability  and  stability  of  magnesium 
aluminum  hydride  as  a  potential  hydrogen  storage  material.  Magnesium  alanate  may  be  a  very  promising 
candidate  as  an  on-board  hydrogen  storage  material  because  it  readily  decomposes  below  200  °C  and  contains  9.3 
wt%  hydrogen  (Fichtner  and  Fuhr,  2002).  The  decomposition  of  Mg(AlH4)2  also  follows  a  two  step  reaction: 

Mg(AlH4)2  ->  MgH2  +  2A1  +  3H2  (5) 

MgH2  — »  Mg  +  H2  (6) 

The  first  reaction  releases  7.0  wt%  hydrogen,  while  the  second  reaction  releases  2.3  wt%.  It  is  noteworthy  that 
these  reactions  are  somewhat  different  from  the  reactions  associated  with  the  decomposition  of  NaAlH4  and 
LiAlH4.  Mg(AlH4)2  decomposes  directly  to  MgH2,  which  further  and  rather  easily  decomposes  to  Mg.  Hence, 
Mg(AlH4)2  has  the  potential  to  deliver  all  of  its  theoretical  hydrogen  of  9.3  wt%.  This  amount  of  hydrogen  just 
meets  the  2005  FreedonCAR  goals  on  a  wt%  material  basis  (Ritter  et  al.,  2003).  However,  this  compound  is  not 


available  commercially,  which  has  hindered  its  study.  Nevertheless,  in  recent  work  by  Fichtner  and  Fuhr  (2002),  a 
systematic  procedure  for  the  synthesis  of  rather  pure  Mg(AlH4)2  was  developed;  some  of  this  material  was  made 
available  to  the  authors  to  study  its  reversibility  when  doped  with  Ti. 

Therefore,  the  objective  of  this  study  was  to  analyze  the  dehydrogenation  kinetics,  cyclability  and  stability  of 
the  lithium  and  magnesium  alanate  systems  when  doped  with  titanium  chloride  through  mechanochemical 
treatment.  Temperature  programmed  desorption  (TPD)  and  constant  temperature  desorption  (CTD)  experiments 
were  carried  out  with  just  doped  samples  and  after  several  rehydrogenation  cycles  of  both  alanates  to  detennine 
their  hydrogen  release  capacities  and  regenerability  as  a  function  of  temperature  and  pressure.  The  results  are 
compared  to  the  state-of-the-art  sodium  alanate  system  prepared  and  tested  under  similar  conditions. 


Experimental 

TiCl3  (Aldrich,  99.99%,  anhydrous),  the  catalyst  precursor,  was  used  as  received.  Crystalline  NaAlH4  (Fluka) 
was  purified  from  a  TF1F  (  Aldrich,  99.9%,  anhydrous)  solution  and  vacuum  dried.  The  dried  NaAUT4  was  mixed 
with  TiCl3  in  TF1F  to  produce  a  doped  sample  containing  up  to  4  mole%  Ti.  The  TF1F  was  evaporated  while  the 
NaAlH4  and  the  catalyst  were  mixed  manually  for  about  30  minutes  using  a  mortar  and  pestle,  or  until  the  samples 
were  completely  dry.  Crystalline  LiAlFl4  in  dry  powder  fonn  (Aldrich,  95%)  was  also  used  as  received.  The 
LiAlH4  was  dry  mixed  with  TiCl3  to  produce  a  doped  sample  containing  up  to  2  mole%  Ti.  Sufficiently  pure 
Mg(AlFl4)2,  obtained  from  Fichtner  and  Fuhr  (2002)  was  also  used  as  received.  The  Mg(AlFl4)2  was  dry  mixed 
with  TiCl3  to  produce  a  doped  sample  containing  up  to  2  mole%  Ti.  These  mixtures  were  then  ball  milled  for  the 
desired  time  using  a  SPEX  8000  high-energy  mill.  All  procedures  were  carried  out  in  a  nitrogen  glove  box. 

A  thermogravimetric  analyzer  (TGA)  located  in  a  nitrogen  glove  box  was  used  to  detennine  the 
dehydrogenation  kinetics  at  atmospheric  pressure  using  TPD  and  CTD  modes.  For  TPD  runs,  the  samples  were 
heated  to  250  °C  at  a  ramping  rate  of  5  °C/min  under  1  atm  of  Fie,  using  an  initial  1  min  delay  to  ensure  an 
environment  of  pure  Fie.  For  CTD  runs,  a  similar  procedure  was  followed  except  that  the  samples  were  heated 
rapidly  to  the  desired  temperature  and  then  held  at  this  temperature  for  the  desired  time.  Approximately  10  mg  of 
sample  were  used  in  each  TPD  or  CTD  run. 

A  3,000  psig  Parr  reactor,  installed  in  an  automated  pressure  and  temperature  cycling  system,  was  used  to 
evaluate  sample  rehydrogenation  and  cycling  capabilities.  The  reactor  conditions  were  continuously  monitored 
and  controlled  with  a  computer.  Samples  were  loaded  into  the  reactor  while  in  the  glove  box  and  then  transferred 
to  the  cycling  system.  After  completion  of  each  rehydrogenation  or  cycling  trial,  the  high  pressure  setting  of 
hydrogen  was  maintained  until  the  temperature  was  reduced  to  room  temperature  to  prevent  dehydrogenation. 
Then  the  pressure  was  released  and  the  sample  was  removed  in  the  glove  box  for  TGA  studies. 

Rehydrogenation  studies  were  carried  out  with  NaAlFl4  doped  with  2  mole%  Ti  and  ball  milled  120  min, 
LiAlFl4  doped  with  2  mole%  Ti  and  ball  milled  for  20  min,  and  Mg(AlFl4)2  doped  with  1  mole%  Ti  and  ball 
milled  15  min.  For  all  three  alanates,  a  first  rehydrogenation  attempt  was  carried  out  in  the  Parr  system  at  125  °C 
and  1,200  psig  after  being  discharged  of  hydrogen  at  125  °C  and  50  psig  for  16  hrs;  TPD  was  done  afterwards. 
TPD  was  also  done  on  all  samples  after  carrying  out  0  and  5  dehydrogenation  (4  hrs)  and  rehydrogenation  (8  hrs) 
cycles  between  50  and  1,200  psig  at  125  °C  for  Na  alanate,  between  50  and  2,100  psig  at  140  °C  for  Li  alanate, 
and  between  50  and  1,500  psig  at  150  °C  for  Mg  alanate  in  the  Parr  reactor  system. 


Results  and  Discussion 

The  results  shown  in  Figure  1  provide  the  first  comprehensive  comparison  of  the  effect  of  Ti  as  a  dopant  on  the 
dehydrogenation  ofNaAlH4,  LiAlH4  and  Mg(AlH4)2  complex  hydrides.  Figure  1A  displays  the  typical  behavior  of 
the  dehydrogenation  of  NaAlH4  doped  with  1  to  4  mole%  Ti  during  TPD,  after  being  balled  milled  for  120  min. 
The  first  plateau  region  corresponds  to  hydrogen  being  released  according  to  the  decomposition  reaction  in  Eq.  1, 
whereas  the  second  plateau  region  corresponds  to  the  decomposition  reaction  in  Eq.  2.  In  the  first  case,  about  3 
wt%  hydrogen  is  released  and  in  the  second  case  about  2  wt  %  hydrogen  is  released,  with  the  total  being  about  5 
wt%  hydrogen.  For  the  first  reaction,  the  release  rate  is  faster  and  occurs  at  a  lower  temperature  with  increasing 
Ti  concentration.  The  Ti  also  has  a  more  pronounced  effect  on  the  first  reaction  than  the  second  reaction.  Note 


that  without  the  Ti  dopant  present,  the  decomposition  reaction  in  Eq.  1  would  not  begin  to  yield  any  hydrogen 
until  about  230  °C  or  so.  This  3  wt%  hydrogen  release  is  essentially  state-of-the-art  for  this  system. 
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Figure  1.  TPD  (5  °C/min)  of  the  (A)  NaA  ///..,  (B)  l.iAllf.  and  (C)  Mg(AlH4)2  systems  when  doped  with  Ti  and  ball  milled. 

Figure  IB  displays  the  behavior  of  the  dehydrogenation  of  LiAlH4  during  TPD  for  an  undoped  sample  ball 
milled  for  120  min,  and  for  two  samples  doped  with  0.5  and  2  mole%  Ti  and  each  ball  milled  for  20  min.  Again, 
the  first  plateau  region  corresponds  to  hydrogen  being  released  according  to  the  reaction  in  Eq.  3,  whereas  the 
second  plateau  region  corresponds  to  the  reaction  in  Eq.  4.  In  the  first  case,  about  3  to  5  wt%  hydrogen  is 
released,  and  in  the  second  case  about  3  to  4  wt  %  hydrogen  is  released,  both  being  dependent  on  the  dopant  level 
and  ball  milling  time,  with  the  total  being  6  to  7  wt%  hydrogen.  The  effect  of  the  Ti  dopant  is  very  pronounced  in 
this  case.  Increasing  the  dopant  level  causes  hydrogen  to  be  released  at  a  much  lower  temperature,  but  also  in 
smaller  amounts.  Doping  with  0.5  mole%  Ti  consistently  yields  a  marked  decrease  of  around  50  °C  in  the  overall 
dehydrogenation  temperature.  Increasing  the  dopant  level  further  to  2  mole%  Ti  yields  an  initial  decomposition 
temperature  similar  to  that  obtained  for  the  sample  doped  with  0.5  mole%  Ti;  however,  the  overall 
dehydrogenation  temperature  is  lowered  substantially  by  about  25  °C.  The  Ti  dopant  also  affects  the  first  reaction 
more  than  the  second  reaction,  similarly  to  the  NaAlH4  system.  Contrary  to  infonnation  published  in  the  literature 
(Balema  et  al.,  2000;  2001),  the  stability  of  the  LiALH4  system,  whether  doped  or  not,  does  not  seem  to  be  a 
major  issue.  Note  that  when  LiAlH4  is  doped  with  2  mole%  Ti,  it  releases  3  wt  %  hydrogen  before  100  °C  is 
reached.  The  NaAlH4  system,  even  when  doped  with  4  mole%  Ti,  does  not  begin  to  release  hydrogen  until  about 
100  °C.  Clearly,  this  makes  the  LiAlH4  very  attractive  for  hydrogen  storage  if  it  can  be  made  to  rehydrogenate. 

Figure  1C  displays  the  behavior  of  the  dehydrogenation  of  Mg(AlH4)2  during  TPD  for  an  undoped  sample  ball 
milled  for  30  min,  and  for  two  samples  doped  with  1  and  2  mole%  Ti  and  each  ball  milled  for  15  min.  Again,  the 
first  plateau  region  corresponds  to  hydrogen  being  released  according  to  the  reaction  in  Eq.  5,  whereas  the  second 
plateau  region  corresponds  to  the  reaction  in  Eq.  6.  In  the  first  case,  about  6  to  8  wt%  hydrogen  is  released,  and  in 
the  second  case  about  1  to  3  wt  %  hydrogen  is  released,  both  being  dependent  on  the  dopant  level  and  ball  milling 
time,  with  the  total  being  8  to  9  wt%  hydrogen.  The  effect  of  the  Ti  dopant  is  again  quite  pronounced,  but  not  as 
pronounced  as  the  LiAlH4  system.  However,  1  mole%  Ti  does  better  than  2  mole%;  this  interesting  effect  has  not 
been  observed  with  either  the  NaAlH4  or  LiAlH4  system.  Nevertheless,  at  about  60  °C,  the  doped  samples  begin 
to  release  hydrogen  with  significant  amounts  being  released  below  150  °C.  Hence,  Mg(AlH4)2  doped  with  1 
mole%  Ti  and  ball  milled  for  15  minutes  exhibits  the  best  dehydrogenation  kinetics  to  date,  releasing  over  5  wt% 
hydrogen  below  150  °C.  However,  as  exciting  as  these  results  may  seem,  the  dehydrogenation  temperature  is  still 
a  bit  too  high  for  most  practical  applications,  and  reversibility  is  still  questionable,  as  shown  below. 

Figure  2  shows  the  CTD  curves  obtained  at  90  °C  for  samples  of  NaAlH4  ball  milled  for  120  min  and  doped 
with  4  mole%  Ti,  LiAlH4  ball  milled  for  20  minutes  and  doped  with  0.5  and  2  mole%  Ti,  and  Mg(AlH4)2  ball 
milled  for  15  min  and  doped  with  1  mole%  Ti.  The  relative  hydrogen  release  rates  of  these  doped  complex 
hydride  materials  is  quite  clear.  In  150  min,  the  sodium  alanate  releases  less  than  0.5  wt%  hydrogen,  and  the 
magnesium  alanate  releases  less  than  1 .5  wt%  hydrogen,  both  being  comparable  and  slow  at  this  temperature.  In 
contrast,  the  lithium  alanate  sample  doped  with  0.5  mole%  Ti  yields  3  wt%  hydrogen  within  30  min,  while  the 
sample  doped  with  2  mole%  Ti  yields  2  wt%  loss  hydrogen  within  6  min,  exceedingly  fast  rates  compared  to  the 
sodium  and  magnesium  systems.  Although  the  dehydrogenation  rate  of  the  LiAlH4  sample  doped  with  2  mole% 


Ti  is  significantly  greater  than  that  associated  with  the  LiAlH4  sample  doped  with  0.5  mole%  Ti,  the  latter  has  a 
greater  yield  of  hydrogen  due  to  the  lower  dopant  level.  For  hydrogen  storage,  these  results  make  the  LiAlH4 
system  look  very  attractive  and  the  Mg(AlFl4)2  system  look  somewhat  attractive  compared  to  the  NaAlH4  system. 


Figure  2.  CTD  (90  °C)  of  the  NaA  Ilf,  Li  All  1 4,  and  MgLAll  14}4  systems  when  ball  milled  and  doped  with  Ti. 

Figure  3A  compares  the  NaAlH4,  LiAlH4,  and  Mg(AlH4)2  systems  during  the  first  rehydrogenation  cycle 
carried  out  in  the  Parr  cycling  system  at  125  °C  and  1,200  pisg  after  being  discharged  of  hydrogen  at  125  °C 
and  50  psig  for  16  hrs.  The  uptake  of  hydrogen  for  the  Na  alanate  system  is  evident  by  the  pressure  decreasing 
with  time  in  this  closed  system.  However,  no  pressure  changes  are  observed  with  the  Li  and  Mg  alanate 
systems,  indicating  no  uptake  of  hydrogen  after  one  discharge  and  charge  cycle  at  these  conditions.  TPD  runs 
after  0  and  5  dehydrogenation/rehydrogenation  cycles  with  the  Na,  Li  and  Mg  alanate  systems  are  shown  in 
Figure  3B.  The  Na  system  is  clearly  reversible  with  the  typical  loss  in  capacity  of  about  1  wt%  observed  after 
several  cycles.  In  contrast,  the  Li  alanate  system  shows  no  uptake  of  hydrogen  even  after  five  cycles;  and 
although  the  Mg  alanate  system  shows  some  release  of  hydrogen  at  about  250  °C  after  5  cycles,  this  release  is 
primarily  from  the  second  reaction  in  Eq.  6,  which  is  never  folly  dehydrogenated  at  the  cycling  temperature 
employed  here.  Hence,  neither  Li  nor  Mg  exhibit  any  reversibility  under  conditions  that  cause  the  Na  system  to 
easily  rehydrogenate,  even  after  5  cycles.  It  is  noteworthy  that  the  Li  system  appears  to  be  stable  when  doped 
and  ball  milled,  which  is  somewhat  contrary  to  that  reported  elsewhere  (Balema  et  al.,  2000;  2001).  The  Li 
system  is  also  not  reversible  at  the  conditions  where  reversibility  was  thought  to  occur,  but  probably  did  not 
(Chen  etal.,  (2001). 


Conclusions 

A  study  of  the  hydrogen  release  and  uptake  capability  of  Ti-doped  NaAlH4,  LiAlH4  and  Mg(AlH4)2  as  a 
function  of  Ti  concentration,  temperature,  pressure,  and  cycle  number  was  carried  out.  This  was  the  first 
systematic  study  of  the  dehydrogenation  kinetics  and  cyclability  of  Ti  doped  LiAlH4.  It  was  found  that  Li 
alanate  can  be  dry  doped  with  2  mole%  Ti  and  ball  milled  for  up  to  20  minutes  with  only  minor  hydrogen 
losses.  LiAlH4  doped  with  as  little  as  0.5  mole%  Ti  exhibited  dehydrogenation  rates  at  90  °C  that  were  far 
superior  to  those  exhibited  by  NaAlH4  at  125  °C,  even  when  doped  with  4  mole%  Ti.  However,  Ti  doped 
LiAlH4  was  found  to  be  irreversible  at  conditions  where  Ti  doped  NaAlH4  is  easily  rehydrogenated,  i.e.,  at  125 
°C  and  1,200  psig.  Nevertheless,  research  is  continuing  with  the  Li  alanate  system  because  its  kinetics  are  too 
appealing  to  give  up  at  this  point.  This  was  also  the  first  ever  study  of  the  dehydrogenation  kinetics  of  Ti  doped 
Mg(AlH4)2.  Both,  ball  milling  and  Ti  as  a  catalyst  increased  the  dehydrogenation  kinetics  of  Mg(AlH4)2,  with 
very  high  hydrogen  capacities  and  reasonable  dehydrogenation  rates  exhibited  at  150  °C.  This  dehydrogenation 
temperature  is  still  too  high,  however,  for  most  practical  applications.  Moreover,  Ti  doped  Mg(AlH4)2  was 
found  to  be  irreversible  at  conditions  where  Ti  doped  NaAlH4  is  easily  rehydrogenated.  Hence,  other 
conditions  and  dopants  must  be  explored,  because  these  impressive  hydrogen  capacities  and  kinetics  warrant 


further  study  of  this  rather  hopeful  material.  In  conclusion,  although  all  three  alanates  exhibit  striking 
characteristics  that  make  them  potential  hydrogen  storage  materials,  it  remains  that  only  Ti-doped  NaAlKL* 
exhibits  around  3  wt  %  reversibility  under  reasonable  conditions. 


Figure  3.  A)  Comparison  of  the  NaAlH4,  LiAlH4,  and  Mg(AlH4)2  systems  during  the  first  rehydrogenation  cycle  carried  out  in 
the  Parr  system  at  125  °C  and  1,200  pisg  after  being  discharged  of  hydrogen  at  125  °C  and  50  psig  for  16  hrs;  and  B)  TPD  (5 
°C/min)  of  the  NaAlH4,  LiAlH4,  and  Mg(AlH4)2  systems  after  carrying  out  0  and  5  discharge  (4  hrs)  and  charge  (8  hrs)  cycles  in 
the  Parr  system  between  50  and  1,200  psig  at  125  °C  for  Na  alanate  ball  milled  120  min,  between  50  and  2,100  psig  at  140  °C 
for  Li  alanate  ball  milled  for  20  min,  and  between  50  and  1,500  psig  at  150  °C  for  Mg  alanate  ball  milled  15  min. 
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